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1 . 0  INTRODUCTION 

The s imula t ion  program desc r ibed  i n  t h i s  memorandum 
w a s  w r i t t e n  i n  o r d e r  t o  supply a t o o l  by which t h e  performance 
of t h e  Lunar Roving Vehicle (LRV) nav iga t ion  (NAV) system 
could  be eva lua ted .  I n  p a r t i c u l a r ,  one i s  i n t e r e s t e d  i n  
e v a l u a t i n g  t h e  e r r o r  i n  t h e  NAV system r e s u l t i n g  from gyro 
d r i f t  rates,  gyro misalignments,  odometer e r r o r s  and errors 
a s s o c i a t e d  wi th  d i f f e r e n t  t r a v e r s e s ,  l u r a i n s  and LRV speeds.  

t h e  f i r s t  of which i s  t h e  a c c u r a t e  o r  r e f e r e n c e  system. This  
s imula ted  system has no measurement e r r o r s  and it performs a 
most accurate computation i n  o r d e r  t o  d e t e r m i n e  t h e  LRV p o s i t i o n  
based on t h e  gyro and odometer readings .  
t h e  real (or computed) system which s imula t e s  t h e  a c t u a l  LRV NAV 
system. This  system uses  erroneous measurements due t o  wheel 
s l i p ,  gyro misalignment,  gyro d r i f t  and i n t e r t i a l  r o t a t i o n  on 
t h e  moon. 
r e a d i n g  of t h e  gyro i s  t h e  angle  between t h e  p r o j e c t i o n  of t h e  
LRV advance v e c t o r  on t h e  North-East p l ane  and North. 
comparison between t h e  r e f e r e n c e  system and t h e  real  system 
i n d i c a t e s  t h e  accuracy of t h e  LRV NAV system. 

Two p a r a l l e l  NAV s y s t e m s  are s imulated i n  t h i s  program, 

The second system i s  

This  system also assumes e r roneous ly  t h a t  t h e  heading 

The 

A schematic  diagram o f  t h e  s imula t ion  program is  
shown i n  F igu re  1. As an i n p u t  t o  both t h e  systems d i scussed  
h e r e ,  w e  may assume a c e r t a i n  d e t e r m i n i s t i c  t r a v e r s e  
(box 3)  o r  a random t r a v e r s e  (boxes 1 and 2 )  o r  both .  The 
d e t e r m i n i s t i c  t r a v e r s e  con ta ins  i n p u t s  t o  t h e  NAV systems 
which s i m u l a t e  a s u p e r p o s i t i o n  of s i n u s o i d a l ,  three-dimensional  
angular motions which a r e  added t o  t h e  g r o s s  t r a v e r s e .  The 
g r o s s  traverse i s  a low frequency or a c o n s t a n t  angu la r  motion 
which d e s c r i b e s  t h e  angular  t i m e  h i S t o r y  of t h e  LRV whi le  
performing a motion a long  t h e  g r o s s  d e t a i l s  of t h e  traverse. 
The g e n e r a t i o n  of the random LRV a t t i t u d e  occurs  i n  t w o  s t a g e s .  
A t  the f i r s t  s t a g e ,  a f t e r  t h e  s e l e c t i o n  of LRV speed and one 
o f  four k inds  of l u r a i n s ,  t h e  program g e n e r a t e s  f o u r  s i g n a l s  
which s imula te  t h e  e l e v a t i o n  of t h e  f o u r  LRV wheels a s  a func- 
t i o n  o f  t i m e .  These e l e v a t i o n s  comply w i t h  t h e  given Power 
Spectrum Densi ty  (PSD) curve  f o r  t h e  s e l e c t e d  speed and l u r a i n  
and w i t h  c e r t a i n  l o g i c a l  assumptions on t h e  Cross Power 
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Spectrum Density (CPSD) of t h e  w h e e l s .  This  o p e r a t i o n  i s  
r ep resen ted  by box 1 i n  F igu re  1. The fou r  wheel e l e v a t i o n s  
genera ted  i n  t h i s  s t a g e  feed i n t o  t h e  l i n e a r  LRV dynamic model 
(box 2 )  from which t h e  r e s u l t a n t  LRV angular  motions are 
computed. T h e  ou tpu t s  of boxes 2 and 3 are t h r e e  ang le  d i f f e r -  
ences  between t h e  p r e s e n t  o r i e n t a t i o n  of  t h e  LRV coord ina te s  and 
t h i s  coord ina te s  o r i e n t a t i o n  as it w a s  one i t e r a t i o n  ago. 

The angular  in format ion  e n t e r s  boxes 4 and 5. I n  
box 4 a most a c c u r a t e  computation o f  t h e  LRV p o s i t i o n  i s  be ing  
performed. This is done by, f i r s t ,  computing t h e  new Euler  
ang le s  which d e s c r i b e  t h e  LRV a t t i t u d e  a f t e r  the change of t h e  
LRV o r i e n t a t i o n .  Secondly t h e  three dimensional v e c t o r  which 
d e s c r i b e s  t h e  advance of  the LRV on t h e  moon dur ing  t h e  l a s t  
i t e r a t i o n  i n t e r v a l  i s  p r o j e c t e d  on t h e  l o c a l  l u n a r  p l a n e  
de f ined  by t h e  North-East d i r e c t i o n s .  This p r o j e c t e d  compo- 
n e n t  is  re so lved  i n t o  North and Eas t  components which are 
added r e s p e c t i v e l y  t o  the North and E a s t  r e g i s t e r s .  F i n a l l y  
from the  con ten t s  of t h e s e  r e g i s t e r s  t h e  range from t h e  LM and 
b e a r i n g  t o  t h e  LM i s  computed. I n  box 5,  t h e  s imula t ion  of t h e  
rea l  NAV system i s  c a r r i e d  on. The vector of  a n g l e  d i f f e r e n c e s  
which feeds box 4 i s  contaminated h e r e  wi th  erroneous gyro 
r ead ings  due t o  gyro d r i f t  and due t o  t h e  fac t  t h a t  t h e  gyro,  
be ing  an  i n e r t i a l  measuring device ,  measures the  r o t a t i o n  of  
t h e  LRV w . r . t .  (wi th  r e s p e c t  t o )  an i n e r t i a l  system al though 
it i s  i n t e r p r e t e d  as a r o t a t i o n  w . r . t .  t h e  l u n a r  s u r f a c e .  The 
Eu le r  a n g l e s  corresponding t o  t h e  real  NAV system are computed 
i n  t h i s  box t a k i n g  i n  account  gyro misalignment. T h e  l a s t  com- 
p u t a t i o n  y i e l d s  t h e  headinq t h a t  t h e  r e a l - g y r o  would have m e a -  
sured .  The C e n t r a l  Process ing  U n i t  (CPU) of t h e  rea l  NAV 
system e r roneous ly  i n t e r p r e t s  t h i s  reading  as t h e  azimuth o f  
LRV as p r o j e c t e d  on t h e  N o r t h - E a s t  l u n a r  p l ane  corresponding 
t o  t h e  LRV computed p o s i t i o n  and hence r e s o l v e s  t h e  LRV advance, 
which c o n t a i n s  wheel s l i p a g e ,  i n t o  North and E a s t  components 
which are  added t o  t h e  North and E a s t  r e g i s t e r s  of t h e  s imula ted  
t r u e  LRV NAV system. As w a s  t h e  aase  f o r  t h e  p e r f e c t  system, t h e  
i n d i c a t e d  range and bea r ing  are a l s o  computed from t h e  c o n t e n t s  of 
t h e  n o r t h  and east  registers. P e r i o d i c a l l y ,  t h e  program p r i n t s  
o u t  t h e  correct and t h e  computed ranges and bea r ings  and t h e i r  
d i f f e r e n c e s  which i n d i c a t e  t h e  errors o f  t h e  s imula ted  r ea l  
LRV NAV system. The b a s i c  u n i t s  system used i n  t h i s  s imula t ion  
i s  t h e  MKS system. S o m e t i m e s  t h e  t i m e  i s  converted t o  minutes 
f o r  clear p r i n t - o u t  reasons .  

2.0 DESCRIPTION O F  THE MAIN PROGRAM (LRVNAV) 

A Flow C h a r t  d e s c r i b i n g  t h e  sequences o f  t h e  opera- 
t i o n s  executed  tn the main program i s  shown i n  F ig .  2 .  To 
f a c i l i t a t e  t h e  correspondence between t h i s  write-up and t h e  
l i s t i n g  of the main program, w e  w i l l  d i v i d e  t h e  d e s c r i p t i o n  of 
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t h e  main r o u t i n e  accord ing  t o  t h e  d i v i s i o n  o f  t h e  l i s t i n g  
wi th  t h e  d i f f e r e n c e  that  h e r e  w e  s t a r t  t h e  numbering of t h e  
paragraphs wi th  t h e  number 2.  

The program, which i s  des igna ted  as LRVNAV, starts 
w i t h  real ,  double p r e c i s i o n ,  dimension, common and d a t a  
s t a t emen t s  and then  i t  proceeds as fol lows.  

2 . 1  Constants  

The program sets up t h e  va lues  of the c o n s t a n t s  used 
i n  t h i s  program such as l u n a r  r o t a t i o n  ra te ,  l u n a r  r a d i u s ,  etc. 

2 .2  I n i t i a l  Condi t ions 

The set  of  i n i t i a l  cond i t ions  f o r  t h e  p r e s e n t  run 
are r e a d  f r o m  data c a r d s ,  whi le  t h e  i n i t i a l  c o n d i t i o n s  which 
are common t o  a l l  the runs  are reset i n  t h e  program i t s e l f .  

2.3 S t a r t  Simulat ion Cycle 

The LRV is  assumed t o  b e  i n  motion and t h e  simula- 
t i o n  of t h e  LRV NAV system starts. 

2.3.1 Find True and Computed Body t o  Lunar Angular 
Ro ta t ion  ( I n  Lunar Coordina tes )  

The main program cal ls  s u b r o u t i n e  ANGLES which gen- 
erates t h r e e  a n g l e  d i f f e r e n c e s .  They are t h e  p i t c h ,  r o l l  and 
yaw angu la r  incrementa l  changes which occurred  between t h e  
l a s t  NAV s imula t ion  t i m e  and t h e  p r e s e n t  NAV s imula t ion  t i m e .  
These increments  are given i n  t h e  local  l u n a r  coord ina te  sys- 
t e m  as shown i n  F igu re  3 .  

( 2 )  YAW fLRV COORDINATES) DTE (31 

ITCH lLRV COORDINATES) 1 .  

DTEl1) \, 
l x )  P 

LUNAR LOCAL 
COORDINATE 
SYSTEM 

FIGURE 3 ~ LRV ALTITUDE ANGLE INCREMENTS RESOLVED ALONG THE LOCAL LUNAR 
COORDINATE SYSTEM 
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A f t e r  be ing  genera ted ,  these increments are  divided by t h e  t i m e  
increment through which they  occurred t o  create, WA, t h e  LRV 
angular  v e l o c i t y  w . r . t .  the  lunar  s u r f a c e  which is  r e s o l v e d  
a long  t h e  local l u n a r  coord ina te  system. 
c i t ies  are t h e  e n t r i e s  t o  boxes 4 and 5 of F igu re  1. I n  box 5, 
t h e  processed angu la r  v e l o c i t i e s  are t h e  i n e r t i a l  ones because 
t h e  gyro measures i n e r t i a l  r o t a t i o n s .  So, i n  a d d i t i o n  t o  
t h e s e  angular  veloci t ies ,  t h e  gyro a l so  measures t h e  angu la r  
v e l o c i t i e s  of the  local l u n a r  coord ina te  system w . r . t .  an  
i n e r t i a l  frame and therefore the  t w o  k inds  of angu la r  veloci- 
t ies are added t o  y i e l d  t h e  angu la r  v e l o c i t y  v e c t o r  (WAC) 
processed i n  box 5, t h e  s imulated real LRV NAV system. From 
F igure  4 it is  seen t h a t  wLI,  t he  angular  v e l o c i t y  vector of 

These angu la r  velo-  

the local l u n a r  c o o r d i n a t e  system wi th  r e s p e c t  t o  an  i n e r t i a l  
one , reso lved  a long  t h e  l u n a r  coord ina te s ,  i s  given by 

w -  L I  

where R is  t h e  r a d i u s  of the moon, A i s  t h e  i a t i t u d e  of t h e  
LRV, Q is the moon r o t a t i o n  r a t e  and XL and YL are, r e s p e c t i v e -  
l y ,  t h e  E a s t  and North velocit ies of t h e  LRV w . r . t .  t h e  moon C i  
i s  s m a l l  enough t o  be neg lec t ed ) .  

R COS 

FIGURE 4 - THE 

YL, ZLARE THE AXES OF 
THE LOCAL LUNAR COORD- 
INATE SYSTEM 

ROTATION OF THE LOCAL LUNAR COORDINATE SYSTEM 



- 7 -  

2.3.2 Find True and Computed Euler  Angle 

Next t h e  program c a l c u l a t e s  t h e  E u l e r  angles  i n  box 
4 as w e l l  as i n  box 5. NO matter how t h e  p e r f e c t  model of the  
LRV has rotated up t o  t h e  p r e s e n t  t i m e ,  i t  can always be con- 
s i d e r e d  as a s u c c e s s i v e  r o t a t i o n  about  three axes i n  space.  
W e  choose t h e  sequence as shown i n  F igu re  5 because t h e  gyro 
r ead ing  i s  one of the Euler  angles  r a t h e r  t han  be ing  a non- 
l i n e a r  f u n c t i o n  of t h e  t w o  o r  t h e  t h r e e  o f  them. The r ead ing  
of t h e  d i r e c t i o n a l  gyro (DG) i s  t h e  Eu le r  angle  a. 

zL 

’/ 7 (ROLL) 

xLfJ 
x7 

(a) ROTATION OF THE 
L (LOCAL LUNAR) 
SYSTEM BY AN 

THE XL AXIS 
ANGLE y ABOUT 

TO THE 7SYSTEM 

Y = Y  
7-  L 

(bl ROTATION OF THE 
7SYSTEM BY AN 
ANGLE p ABOUT 
T H E X  AXIS 
TO THZ p SYSTEM 

xP 

(c) ROTATION OF THE 
PSYSTEM BY AN 
ANGLE *ABOUT 
THE Zp AXIS TO 
THE ~YSYSTEM. 
THE (YSYSTEM 
IS THE LRV SYSTEM! 

FIGURE 5 .DEFINITION OF EULER ANGLES FOR THE LRV ORIENTATION WITH RESPECT TO THE 
LOCAL LUNAR COORDINATE SYSTEM 

Going back t o  F igu re  2, w e  see t h a t  between t h e  
p rev ious  and p r e s e n t  updates  of the  system, t h e  o r i e n t a t i o n ,  
and hence t h e  Eu le r  ang le s  o f  t h e  v e h i c l e ,  have changed due 
t o  t h e  e x i s t e n c e  of WA, an angular  v e l o c i t y  between t h e  LRV 
and t h e  l u n a r  s u r f a c e  as de f ined  i n  the  p rev ious  paragraph.  
I n  order t o  compute the formulae f o r  updat ing  t h e  Euler  a n g l e s ,  
one shou ld  cons ide r  t h e  r e l a t i n s h i p  between t h e  angular  velo- 
c i t y  WA and t h e  ra te  of change of  t h e  Euler  ang le s .  
t h e  d i r e c t i o n  cosine ma t r ix  which t ransforms v e c t o r s  from t h e  

L e t  DE be 

y t o  t h e  L c o o r d i n a t e  system (Figure 5.a) and Dy B f r o m  the B t o  

t h e  y c o o r d i n a t e  system (Figure 5 . b ) .  I t  can e a s i l y  be shown 
t h a t :  
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r cosy  o s i n y l  

k s i n y  o cosyJ 

1 0 0 
a 

0 c o s @  s i n @  

-0 - s i n @  cos@,  

I t  i s  obvious then  t h a t  t h e  d i r e c t i o n  c o s i n e  ma t r ix  DE which 
t ransforms v e c t o r s  from t h e  B t o  t h e  L c o o r d i n a t e  system is  t h e  
m u l t i p l i c a t i o n  of t h e s e  two ma t r i ces ;  t h a t  i s ,  

r COSY s inB-s iny  s i n y - c o s f i l  

From Figure  5.a w e  r e a l i z e  t h a t  7 i s  a v e c t o r  a long t h e  
YL a x i s  i n  t h e  L coord ina te  sys t em;  t h e r e f o r e ,  i n  t h i s  sys t em i t s  
c o n t r i b u t i o n  t o  t h e  r o t a t i o n  r a t e  of t h e  LRV i s  given by t h e  
v e c t o r  

i s  d i r e c t e d  a long  t h e  X a x i s  i n  t h e  y system; t h e r e f o r e ,  i t s  
Y 

c o n t r i b u t i o n  t o  t h e  LRV given i n  t h e  L c o o r d i n a t e  system i s  

S i m i l a r l y  t h e  c o n t r i b u t i o n  of -; i s  

The sum of equa t ions  ( 4 ) ,  (5) and (6) y i e l d s  t h e  angular  v e l o c i -  
t y  of t h e  LRV w . r . t .  t h e  lunar  s u r f a c e  g iven  i n  t h e  l o c a l  l u n a r  
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coord ina te s  which by ou r  prev ious  d e f i n i t i o n  i s  t h e  vector WA 
as de f ined  i n  t h e  previous  sec t ion ;  hence: 

Using equa t ions  ( 2 )  and (3 )  i n  equa t ion  ( 7 )  y i e l d s  
- 
-siny *cos13 

s i n $  

-cos B * c o s y  - 
which can  be w r i t t e n  i n  a mat r ix  form as 

.; 
B I a 

WA(1) 0 cosy -s iny*cosB 

WA(21 = 1 0 s i n 6  

0 -siny -cos$-cosy 

a I 

Equatjon ( 8 )  can be e a s i l y  solved for  t h e  Euler  ang le  
rates A ,  ; and y i n  t e r m s  of t h e  v e c t o r  WA and t h e  Euler  ang le s .  
When the  s o l u t i o n s  are i n t e g r a t e d  w e  g e t  t h e  increments  of t h e  
Euler  angles  accumulated du r ing  t h e  s imula t ion  t i m e  increment  
( D T ) .  I t  can be e a s i l y  shown t h a t  they  are: 

Ay = /+DT [ tan$-s iny*WA(l)  + WA(2) + tanB.cosyoWA(3) ] a t  ( 9 4  

A B  = { + D T [ c o s y - W A ( l )  - siny:WA(3) l d t  
T 

Aa = - [siny*WA(l) + cosy.WA(3) l d t  
T 

Equat ions  ( 9 )  are implemented i n  the program. The i n t e g r a t i o n  
method used i s  t h e  s imple  t r apezo id  r u l e  which w a s  found t o  be 
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s u f f i c i e n t l y  accu ra t e .  A f t e r  Ay, A B  and Aa are computed, they  
are added t o  y ,  B ,  ci, r e s p e c t i v e l y .  

A s  one may s u s p e c t ,  a case of  an a n a l y t i c  gimbal 
lock  may occur  here s i n c e  Euler  ang le s  are be ing  used. 
equa t ions  ( 9 )  it i s  obvious t h a t  gimbal l ock  occurs  when 
cos6 = 0 or B = * - 
over turned  and w e  exclude such a case from t h i s  s imula t ion .  

From 

This  however means t h a t  t h e  LRV has  71 

2 '  

The computation of t h e  Euler  ang le s  as desc r ibed  
h e r e  i s  done f o r  t h e  p e r f e c t  NAV system. There are, however, 
some changes i n  t h e  computation o f  t h e  Euler  ang le s  of  t h e  
real NAV system. ( I n  t h i s  program, symbols ending w i t h  t h e  
l e t te r  C denote  t h a t  they a r e  symbols belonging t o  t h e  r e a l  
system.)  F i r s t ,  t h e  e n t r y  is not  t h e  v e c t o r  WA b u t  rather 
t h e  v e c t o r  WAC whose gene ra t ion  w a s  desc r ibed  i n  t h e  preceed- 
i n g  s e c t i o n .  Secondly, t h e  i n i t i a l  Euler  ang le s  are d i f f e r e n t  
than  t h o s e  of t h e  p e r f e c t  system, which are s e t  t o  zero,  be- 
cause  of  gyro misalignment,  t h u s  they a r e  t h e  gyro misal ign-  
ment e r r o r s  expressed  i n  Euler  ang le s .  F i n a l l y ,  t h e  gyro 
d r i f t  r a te  has  t o  be added t o  t h e  expres s s ions  ob ta ined  f o r  
ic, ic and iC. I t  can be s e e n  however, t h a t  t h e  d i r e c t i o n a l  
gyro d r i f t s  only i n  t h e  yaw angle .  I n  conclus ion ,  t h e  equa- 
t i o n s  of t h e  t r u e  system, p a r a l l e l  t o  equat ions  ( 9 )  of t h e  
p e r f e c t  system, are 

[ t anoc*s iny  eWAC(1) + WAC(2) + tanBc*cosy *WAC(3) I d t  
C C 

T 

[cosyc-WAC(l) - siny -WAC(3) l d t  = f+DT C 
T 

where YDRr i s  t h e  yaw d r i f t  r a t e  given i n  r a d i a n s  p e r  second. 

2.3.3 Find True and Computed Lunar Ve loc i ty  

Given V,  t h e  v e l o c i t y  o f  t h e  LRV, one can f i n d  t h e  
d i s t a n c e  covered by t h e  LRV dur ing  t h e  s imula t ion  t i m e  i n t e r v a l .  
W e  assume t h a t  t h i s  t i m e  i n t e r v a l  i s  s h o r t  enough, r e l a t i v e l y  
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t o  the LRV t i m e  cons t an t s ,  such t h a t  t h e  LRV speed and o r i e n t a -  
t i o n  do n o t  vary du r ing  this t i m e  i n t e r v a l .  Now it is p o s s i b l e  
t o  p r o j e c t  V on t h e  local lunar  p l a n e  (East-North p l ane )  and 
r e s o l v e  t h e  p r o j e c t i o n  i n t o  Eas t  (x)  and North (y) components. 
Going back t o  F igu re  5, one can f i n d  t h e  d i r e c t i o n  c o s i n e  ma-  
t r i x  which t ransforms v e c t o r s  from t h e  loca l  l u n a r  t o  t h e  LRV 
coord ina te  system. (An easy  way t o  f i n d  it is  t o  use  Pio- 
grams.’‘*) The t ransformat ion  o f  t h e  l o c a l  l u n a r  (L)  coord i -  
n a t e s  t o  t h e  LRV coord ina te s  (a) is given by: 

cos a c o s y  -s ina*cosB -cosa*s iny  
- s i n a * s i n B * s i n y  

+cosa*s inB Osiny +cosa*sinB*cosy 
s i n a  *cosy cosa*cosB -sincc*siny (10) 

-sinB cos B *cosy 

W e  chose t h e  LRV r o l l  a x i s  t o  be  t h e  y a x i s  o f  t h e  
LRV c o o r d i n a t e  system (Figure 3 ) ,  t h a t  i s ,  V i s  d i r e c t e d  a long  
t h e  y, a x i s .  
local l u n a r  E a s t  and North r e s p e c t i v e l y  (F igure  3 ) .  From equa- 
t i o n  (10)  w e  see t h a t  

W e  a lso chose XL a x i s  and t h e  YL a x i s  t o  be t h e  

U 

NORTH RTH 

EA 

FIGURE 6 . THE EFFECT OF YAW ANGLE MEASUREMENT IN  A TILTED PLANE 
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T h i s  means t ha t  the t r u e  East-ward v e l o c i t y  of t h e  LRV du r ing  
t h e  s imula t ion  i n t e r v a l  is  

ve = (Vl(sina=cosy+cosa*sine*siny) (12) 

and t h e  North-ward v e l o c i t y  i s  

To see how t h e  corresponding computation is  done f o r  
t h e  rea l  system l e t  us temporar i ly  assume t h a t  t h e  real  system 
measurements a r e  a c c u r a t e  and l e t  us cons ide r  F igu re  6. Be-  
tween t w o  t i m e  increments  t h e  LRV has  advanced by the  d i s t a n c e  
As f r o m  p o i n t  0 t o  p o i n t  P. The yaw a n g l e  a which i s  measured 
by t h e  gyro i s  a n  ang le  i n  the  p l ane  TOP which i s  n o t  p a r a l l e l  
t o  t h e  East-North p l ane .  I n  t h e  p e r f e c t  system w e  t a k e  t h i s  
f a c t  i n  account  and therefore w e  u s e  equa t ions  ( 1 2 )  and (13) 
which means t h a t  w e  r e a l i z e d  t h a t  t h e  p r o j e c t i o n  of V on t h e  
E a s t - N o r t h  p l a n e  is  VL i n  Figure 6. I n  t h e  real  system, how- 

e v e r ,  t h e  ang le  a i s  assumed t o  be measured i n  t h e  East-North 
p lane ,  t h a t  is, a = # UOW and t h e r e f o r e  t h e  p r o j e c t i o n  of V on 
t h e  East-North p l a n e  is taken a s  VLc i n  F igu re  6 r a t h e r  t han  

. Therefore ,  r a t h e r  than  us ing  equat ions  ( 1 2 )  and ( 1 3 ) ,  t h e  
real  system uses t h e  fo l lowing  equat ions  
vL 

] V I  wsina ( 1 4 )  

and, indeed,  when f3 = y = 0 ,  t h a t  i s ,  when a i s  r e a l l y  measured 
i n  a p l a n e  p a r a l l e l  t o  t h e  East-North p lane ,  w e  see t h a t  equa- 
t i o n s  ( 1 2 )  and (13) are reduced t o  equat ions  ( 1 4 )  and (15). 
A c t u a l l y  t h e  rea l  system measures aC and Vc' t hen  added t o  t h e  
wrong a lgo r i thm f o r  computing Vec and Vnc w e  g e t  

Ivc I *c0sac 

2.3.4 Find True and Computed Lunar P o s i t i o n s  

(16) 

(17) 

The t r a p e z o i d  i n t e g r a t i o n  r u l e  i s  used h e r e  on equa- 
t i o n s  (121, ( 1 3 ) ,  (16 )  and (17) t o  y i e l d  t h e  p e r f e c t  ( t r u e )  and 
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t h e  real  (computed) l u n a r  p o s i t i o n s .  (Note t h a t  the newly 
computed t r u e  Y (North) p o s i t i o n  i s  used i n  t h e  n e x t  s imula-  
t i o n  pass  t o  f i n d  the new l a t i t u d e  angle . )  

2.3.5 Find True and Computed Range, Bearing and Tota l  
Dis tance  Traveled 

T h e  range  of  the r e f e r e n c e  LRV system t o  the LM 
(Lunar Module) a s  w e l l  as the range of t h e  t r u e  system i s  found 
by t a k i n g  the square  r o o t  of t h e  sum of t h e  squa res  of t h e  E a s t  and 
North components of t h e  d i s t a n c e .  The bea r ing  of t he  t w o  sys-  
t e m s  t o  t h e  LM i s  found by computing the arctan i n  deg rees  of  
t h e  E a s t  components d iv ided  by t h e  r e s p e c t i v e  North components 
of  the p o s i t i o n  and adding 180 degrees  t o  the r e s u l t s .  T h e  
t o t a l  d i s t a n c e  covered (on t h e  three dimensional t r a v e r s e )  is  
found by 

D = C V ~ ~ D T  
i 

2.3.6 Compute E r r o r s  

I n  t h i s  s e c t i o n ,  t h e  o p e r a t i o n  symbolized by t h e  
summation j u n c t i o n  on t h e  r i g h t  hand s i d e  of F igu re  1 i s  exe- 
cu ted .  T h e  error i n  x ( E a s t ) ,  t h e  error i n  y (North)  I t h e  
range  and bea r ing  errors are found by s u b t r a c t i n g  t h e s e  q u a n t i -  
t i es  as computed by t h e  r e f e r e n c e  system from t h e  corresponding 
q u a n t i t i e s  as computed by t h e  real  system. 

2.3.7 P r i n t '  R e s u l t s  

A t  t h i s  s e c t i o n ,  t h e  va lues  of t h e  s i g n i f i c a n t  v a r i a -  
b l e s  of the s imula t ion  a r e  p r i n t e d .  T h e  t i m e s  o f  t h e  p r i n t - o u t s  
are o p t i o n a l  and determined by i n p u t  d a t a .  

2.3.8 Update Counter and T i m e  fo r  Next S tep  

A t  t h i s  p o i n t ,  t h e  program adds 1 t o  t h e  coun te r  which 
coun t s  t h e  number of passes  through t h e  s imula t ion  loop ( n o t  
coun t ing  the  pass  a t  zero t i m e ,  t h a t  i s ,  when T = 0 ) .  
gram also updates  t h e  t i m e  (T)  fo r  t h e  nex t  pas s .  

T h e  pro-  

2.3.9 Align a t  the R i g h t  T i m e  

When t h e  s imula t ion  t i m e  reaches t h e  predetermined 
t i m e  f o r  a l ignment ,  t h e  heading of t h e  real  system i s  set  t o  
t h a t  o f  t h e  p e r f e c t  system p lus  t h e  misalignment e r r o r ;  t h a t  
i s ,  t h e  program executes  t h e  fo l lowing  equat ion:  
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ci = a + Y M  
C 

where YM i s  t h e  yaw misalignment e r r o r .  

2 . 4  Chanse Traverse  P r o f i l e  

I n  t h i s  s e c t i o n  t h e  program checks whether i t  i s  t i m e  
t o  change t o  a new t r a v e r s e  l e g  ( i n p u t  d a t a ) .  I f  it i s ,  t h e  
program p i c k s  t h e  s u i t a b l e  LRV speed ,  t ype  of l u r a i n ,  s l i p ,  
i n i t i a l  azimuth o f  t h e  new l e g ,  r a t e  of azimuth change on t h i s  
l e g  and t h e  t i m e  t h e  LRV i s  parked b e f o r e  t h e  beginning o f  t h e  
leg.  
t h i s  pa rk ing  t i m e  t o  t h e  gyro r ead ing  oc u n l e s s  a rea l ignment  
i s  c a r r i e d  o u t  a t  t h i s  t i m e  p o i n t .  (Subrout ine PARKLR i s  used 
t o  compute t h e  added d r i f t  due t o  l u n a r  r o t a t i o n . )  

The program adds t h e  d r i f t  accumulated by t h e  gyro d u r i n g  

2.5 S top  i f  Spec i s  Exceeded and Check f o r  Terminal T i m e  

A t  t h i s  p o i n t ,  t h e  program checks whether t o  c o n t i n u e  
t h e  s i m u l a t i o n  o r  t o  e x i t  t h e  s imula t ion  loop .  I f  t h e  i n d i c a t e d  
maximum traverse t i m e  o r  t h e  i n d i c a t e d  maximum traverse d i s t a n c e  
(both s p e c i f i e d  i n  t h e  i n p u t  d a t a )  are reached ,  t h e  program 
e x i t s  t h e  s i m u l a t i o n  loop.  The s a m e  a l s o  happens i f  t h e  s imula t ed  
LRV NAV system e r r o r s  r each  t h e  maximum a l lowab le  e r r o r s  s p e c i f i e d  
i n  t h e  i n p u t  data.  

2 . 6  Check fo r  New Run 

When t h e  program e x i t s  t h e  s i m u l a t i o n  loop ,  it reaches  
where it p l o t s  t h e  a c t u a l  traverse on a 4020 p l o t t e r  t h i s  p o i n t  

and checks t h e  d a t a  for  an i n d i c a t i o n  t o  s t a r t  a new run.  I f  t h e  
r e s u l t  i s  n e g a t i v e ,  t h e  program s t o p s .  
t h e  program s tar ts  a new traverse s i m u l a t i o n .  

I f  t h e  r e s u l t  i s  p o s i t i v e ,  

3 .0  THE GENERATION O F  TRAVERSE RELATED ANGULAR INCREMENTS 

I t  w a s  mentioned i n  s e c t i o n  2 .3 .1  t h a t  a t  t h e  beginning  
of  t h e  s i m u l a t i o n  c y c l e  t h e  main program, LRVNAV, c a l l s  s u b r o u t i n e  
ANGLES which g e n e r a t e s  t h r e e  angu la r  d i f f e r e n c e s .  They are t h e  
p i t c h ,  r o l l  and yaw angu la r  incrementa l  changes which occur red  
between t h e  p rev ious  NAV s imula t ion  t i m e  and t h e  p r e s e n t  one and 
are g i v e n  i n  t h e  l o c a l  l u n a r  coord ina te  system. I n  t h i s  s u b r o u t i n e  
a l i n e a r  s i m u l a t i o n  o f  t h e  LRV dynamics i s  c a r r i e d  o u t  where t h e  
e x c i t a t i o n s  of t h e  system are fou r  random s i g n a l s  which s i m u l a t e  
t h e  e l e v a t i o n  of t h e  LRV wheels. I n  o t h e r  words, he re  t h e  motion 
of t h e  LRV i s  s imula t ed  i n  o rde r  t o  o b t a i n  in fo rma t ion  on t h e  
i n s t a n t a n e o u s  o r i e n t a t i o n  of t h e  LRV NP,V system. 
of t h e  l i n e a r  LRV dynamic model are p e r  S t a n l e y  Kaufman o f  
B e l l c o m m .  

The e q u a t i o n s  
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Consider the model shown i n  F igure  7 

FIGURE 7 - LRV MODEL FOR DYNAMICS ANALYSIS 

The force F1 e x e r t e d  by t h e  luna r  s u r f a c e  a t  wheel 1 is  
g iven  by 

F1 = K (h  -Z ) + Bl(L1-il) + f10 1 1 1  

where K1 and B1 are t h e  suspension s p r i n g  c o n s t a n t  and t h e  
v i s c o u s  f r i c t i o n  c o e f f i c i e n t  r e s p e c t i v e l y ,  Z1 i s  measured from t h e  
r e f e r e n c e  l o c a t i o n  of p o i n t  p1 when hl i s  zero  and t h e  LRV i s  
r e s t i n g  p a r a l l e l  t o  t h e  r e f e r e n c e  p lan .  

when t h e  LRV i s  a t  t h i s  r e s t i n g  p o s i t i o n .  
f o r  a l l  t h e  f o u r  wheels,  hence w e  can w r i t e :  

f10 is  t h e  va lue  of F1 
This  equa t ion  i s  t r u e  
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. .  
= Ki(hi-Zi) + Bi(hi-Zi) t fiO i=l , 2 , 3 , 4 Fi 

For small  ang le s  w e  can w r i t e  

- x o  + y o  1 Y  1 x  zi = zo  

where Z o  is  t h e  e l e v a t i o n  of t h e  LRV c .g .  above i t s  loca t ion  
when t h e  h i ' s  are zero and t h e  LRV i s  r e s t i n g  p a r a l l e l  t o  t h e  

r e f e r e n c e  p l ane ,  and x1 and y 
X a Y a  p lane .  I t  can be shown t h a t  t h e  l a s t  equa t ion  ho lds  f o r  
all the  fou r  wheels,  t h a t  i s  

are t h e  coord ina te s  of P1 i n  t h e  1 

zi = z o  - x . e  + yiex 1 Y  
i=l, 2 ,  3, 4 

S u b s t i t u t i n g  equa t ion  (19 )  i n  (18) y i e l d s  

= ~ ~ ( h ~ - z  +X e - y . e  ) + B. + x . i  -yiix) + fi0 
Fi 0 i y  i x  1 0 1 Y  

i = 1 , 2 , 3 , 4  . 
Therefore t h e  t o t a l  f o r c e  on t h e  LRV i n  t h e  ZL d i r e c t i o n  i s  
given by 

( 1 9 )  

4 4 

F = E F i  = - ( i K i ) Z o  i= 1 +( i= f 1 Ki".)By -(?KiyJex i=l + 1 K . h  i i  
i=l 

4 

i=l 
( 2 1 )  

4 4 .  

..)io +(f  i= 1 Bixi)Gy -(i13iyJ6x + i=l x B . h .  1 1  + i= cfiO 1 
. 

But 

F =  

where M i s  t h e  LRV 
face of  t h e  moon. 

mass and g is t h e  g r a v i t y  g r a d i e n t  on t h e  s u r -  
W e  a l s o  know t h a t  a t  rest  
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4 

-Mg = I f i o  
i= 1 

r 

t h e r e f o r e  equa t ion  ( 2 2 )  can b e  w r i t t e n  as 

4 .. 
F = MZo + C f i a  8 

i= 1 

I n  o r d e r  t o  formula te  t h e  LRV a n g u l a r  motion, w e  
f i r s t  r e a l i z e  that  f o r  s m a l l  angles  

4 

i= 1 

4 

T = -  xiFi 
Y 

i=l 

S u b s t i t u t i n g  equa t ion  ( 2 0 )  i n t o  t h e  l a s t  two equa t ions  y i e l d s :  

4 -(f Biy;)GX + I B . y . 6  i i i  
i= 1 i=l 

and 
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1 I 
4 

T Y =(f Kixi)ZQ -(: i=1 Kix:)ey +( i= f 1 Kixiyi)ex - 

+ (:1 Bixi )io -(f Bix:)BY +(f Bixiyi)Gx - 

Kixihi 
i=l 

4 . ( 2 5 )  

Bixihi - i=l i=l i=l 

Note t h a t  i n  equa t ion  ( 2 4 )  t h e r e  i s  supposed t o  be an  e x t r a  
t e r m  on t h e  r i g h t  hand s i d e .  I t  i s  

i= 1 

however, t h i s  is e x a c t l y  t h e  torque  about  t h e  x-axis  when t h e  
LRV is  a t  rest  and t h e r e f o r e  has t o  be equa l  t o  zero. S i m i l a r -  
l y ,  t h e  t e r m  

4 

f x  f i i o  
i= 1 

i n  e q u a t i o n  (25) vanishes  too fo r  t h e  s a m e  reason .  

The dynamics of the LRV due t o  to rques  i s  expressed 
by t h e  fo l lowing  set  of Eu le r  equa t ions  

.. + ( Iz  - I ) 6  6 = Tx IXex Y Y Z  .. 
I e + ( I ~  - 1 ~ ) 6 ~ i ~  = T 

Y Y  Y .. + (Iy - I )i 6 = T Z  . 
I Z e z  x X Y  

Assuming iZ = 0 ,  t h e  f i rs t  two of t h e  Euler  equa t ions  are s i m -  
p l i f i e d  t o  

I I y  Y Y  

.. 
T = ~ e  

( 2 6 .  a )  

(26.b) 
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where Ix and I are t h e  LRV moments of i n e r t i a  about  the Xa 
and Ya r e s p e c t i v e l y  (see Figure  7 ) .  Equations (211,  (241, 
(25) and (26) can be  w r i t t e n  i n  a s i n g l e  ma t r ix  equa t ion  as 
follows 

Y 

+ 
CBX CBxy -CBX 

B2 

B2Y2 
-B x 2 2  

B4 E] 
-B4X4 

where 
4 

CK = 1 Ki 

i=l 

4 

CKy = 1 Kiyi 
i= 1 

i= 1 

and so  on. Laplace t ransforming  equa t ion  ( 2 7 )  y i e l d s  
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- 
0 1 

Ms2+4Bs+4K 

1 
IxS 2 +4Byds+4Kyd 2 2 

1 
T S 2 +4Bxds+4Kxd 2 2 0 Y A 

where 

s M+szB+CK r' 
D ( s )  = sCBy+CKy I p CBX-c KX 

and 

r sB1+K1 

N ( s )  = sB1yl+K1 I L 

I 

sC B y + C  Ky -SC Bx-C KX 

2 2 2 s Ix+sZBy +ZKy -SCBXY-CKXY 
2 2 2 s I + s ~ B x  +zKx 

Y -sC Bxy-CKxy . 

SB4Y4+K4Y4 1 sB4+K4 

3 

-sB2x2-K2x2 -sB3x3-K3x3 - s B  x -K x 4 4  4 4 1  

W e  assume t h a t  t h e  c.g.  of t h e  LRV i s  a t  i t s  geometr ica l  
c e n t e r  and t h a t  t h e  suspensions are i d e n t i c a l ,  t hus  

Ki = K 

Bi = B i=1 ,2 ,3 ,4  . 

Using t h e s e  r e l a t i o n s h i p s  t h e  D ( s )  m a t r i x  becomes a 
d i agona l  ma t r ix  whose i n v e r s e  i s  also a d i agona l  m a t r i x  whose 
e lements  are t h e  r e c i p r o c a l  of t h e  corresponding elements  i n  
the D ( s )  mat r ix .  Premul t ip ly ing  equa t ion  (28) by t h e  m a t r i x  
D (SI y i e l d s  -1 
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W e  are i n t e r e s t e d  i n  t h e  l a s t  t w o  equa t ions  of this  set  o f  
t h r e e .  They can be  expressed  by t h e  fo l lowing  b lock  diagram: 

FIGURE 8 - A  PARTIAL BLOCK DIAGRAM REPRESENTATION OF THE LRV ROTATIONAL DYNAMICS 

The model shown i n  F igu re  8 i s  s imula t ed  i n  s u b r o u t i n e  ANGLES 
u s i n g  TRANSIM, ( 3 t  4 ,  a t r a n s f e r  f u n c t i o n  s i m u l a t i o n  s u b r o u t i n e .  
The i n p u t s  H 1 ( s ) ,  H 2 ( s ) ,  H 3 ( s )  and H 4 ( s )  are ob ta ined  from sub- 
r o u t i n e  TERAIN which s imula t e s  t h e  e l e v a t i o n  of  t h e  f o u r  LRV 
wheels du r ing  a luna r  t r a v e r s e .  

Y o  I n  t h e  model desc r ibed  h e r e  w e  f i n d  only e x  and 8 

e 2  is  t h e  LRV yaw angle .  
w e  have  t h e  t r a v e r s e  d e s c r i p t i o n  wh i l e  f o r  t h e  random p a r t  of 
B Z  w e  t a k e  h e r e  t h e  average  between e x  and 8 

For t h e  d e t e r m i n i s t i c  p a r t  of B 2  

Y. 
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4 . 0  THE GENERATION OF THE WHEEL ELEVATIONS 

I n  t h i s  sub rou t ine  fou r  numbers which r e p r e s e n t  t h e  
wheel e l e v a t i o n s  are r epea ted ly  generated.  Each cha in  o f  
numbers which r e p r e s e n t  t h e  e l e v a t i o n  of a s i n g l e  wheel sa t is-  
f i e s  a g iven  PSD func t ion .  Moreover, t h e  cha ins  a l so  s a t i s f y  
c e r t a i n  assumed c r o s s  PSD func t ions  between each o t h e r .  

Given a c e r t a i n  PSD func t ion  of some s p e c i f i e d  l u r a i n ,  
one can g e n e r a t e  a cha in  of numbers which posses s  t h i s  PSD 
f u n c t i o n  by p a s s i n g  ano the r  chain of  numbers, which c o n s t i t u t e  
a wh i t e  n o i s e ,  through a s u i t a b l e  shaping  f i l t e r .  Suppose t h a t  
t h e  PSD f u n c t i o n  Q h l h l ( w )  can be w r i t t e n  i n  t h e  fo l lowing  form 

W e  recall  ( 6 )  t h a t  i f  w e  p a s s  a s i g n a l  whose PSD f u n c t i o n  i s  
Q ( w )  through a f i l t e r  whose t r a n s f e r  func t ion  i s  W ( S ) ,  t hen  
t h e  PSD of t h e  f i l t e r e d  ou tpu t  s i g n a l ,  y ,  i s  given by 

xx 

There fo re  if w e  pas s  a s i g n a l  whose PSD func t ion  i s  1 through 
a f i l t e r  whose t r a n s f e r  func t ion  i s  H ( s )  then  us ing  t h e  r u l e  
expressed  i n  equa t ion  ( 3 1 )  w e  o b t a i n  t h e  expres s ion  shown i n  
equa t ion  (30 )  f o r  4hlhl ( w ) .  

f u n c t i o n  of a wh i t e  no i se .  From equat ion  ( 3 0 )  w e  see t h a t  i n  
o r d e r  t o  f i n d  H ( j w )  which w i l l  s u i t  t h e  d e s i r e d  PSD func t ion ,  
one has t o  s e p a r a t e  @hlhl ( w )  i n t o  a product  of t w o  conjugate  
f u n c t i o n s .  This  can be  achieved i f  t h e  PSD f u n c t i o n  p l o t t e d  on 
a logarithmic scale i s  approximated by s t r a i g h t  l i n e s  and t h e  
s l o p e  o f  the i - t h  l i n e  can have on ly  a d i s c r e t e  v a l u e  which 
can  be any even i n t e g e r ,  t h a t  is ;  the i - t h  s l o p e  can have t h e  
v a l u e  2mY mi = 0,+1,+2, .... 

I t  t u r n s  o u t  t h a t  1 i s  t h e  PSD 

Then H ( s )  i s  expressed  by 

m 
H ( s )  = (1 + S) 

1=1 'i 
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K i s  t h e  v a l u e  a t  w = 1 rad/sec. of t h e  s t r a i g h t  l i n e  approxi-  
mating t h e  lowest frequency reg ion  o f  t h e  PSD f u n c t i o n  (whether 
it reaches  t h a t  p o i n t  when approximating t h e  PSD func t ion  o r  
a r t i f i c i a l l y  extended t o  t h a t  p o i n t )  and mo i s  h a l f  t h e  s l o p e  
of t h i s  l i n e .  Qi  i s  t h e  frequency i n  radians/seconds of t h e  
breaking  p o i n t  of t h e  i - t h  l i n e  from t h e  preceeding  l i n e ,  mi 
i s  h a l f  of i t s  s l o p e  and n i s  t h e  number of t h e  breaking  p o i n t s .  
Note t h a t  i = 1 corresponds t o  t h e  f i r s t  b reaking  p o i n t  and t h e  
fo l lowing  s t r a i g h t  l i n e .  

Using t h i s  technique one can g e n e r a t e  t h e  h e i g h t s  
h l ( t )  of wheel number one i n  F igure  7 .  

w i l l  be t h e  same sequence of numbers delayed by t h e  t i m e  A t  it 
t a k e s  t h e  rear wheel t o  reach t h e  i n i t i a l  p o s i t i o n  of  t h e  f r o n t  
wheel. About h 2 ( t )  I one knows t h a t  i t  has t o  have the same PSD 
f u n c t i o n  as h l ( t ) ;  however, there  i s  one impor tan t  degree of 
freedom which i s  t h e  c r o s s  c o r r e l a t i o n  between h 2 ( t )  and h l ( t ) .  
I t  is  obvious t h a t  t h i s  freedom e x i s t s  s i n c e  fo r  h 2 ( t )  t o  s a t i s -  
f y  the s a m e  PSD func t ion  which h l ( t )  s a t i s f i e s  it i s  enough t h a t  

h2 ( t)  = h l ( t ) .  
same PSD func t ion .  The l a t te r  cho ice  may s e e m  reasonable  if '? 
corresponds t o  the t i m e  it t a k e s  a body t o  t r a v e l  from p o i n t  2 
t o  p o i n t  1 i f  i t s  speed is  equal  t o  t h e  speed of t h e  LRV. T h i s  
choice however i s  too r i g i d ;  t h e r e f o r e ,  an assumption concerning 
t h e  cross PSD f u n c t i o n s  o f  hl and h2 i s  r equ i r ed  r a t h e r  t han  a 
r e l a t i o n s h i p  between hl and h 2  themselves,  t hus  al though h 2 ( t )  
# h l ( t + T )  y e t  w e  assume t h a t  

I t  i s  obvious t h a t  h 3 ( t )  

Y e t  i f  h 2 ( t )  = hl(t+!?) it s t i l l  sa t i s f ies  t h e  

This  equa t ion  fo l lows  from t h e  assumption t h a t  t h e  a u t o c o r r e l a -  
t i o n  f u n c t i o n  of  t h e  l u r a i n  h e i g h t  a long  a s t r a i g h t  t r a v e r s e  i s  
the  same i n  every d i r e c t i o n  t h e  wheel t r a v e r s e s  on a c e r t a i n  
l u r a i n ;  t h a t  i s ,  t h e  l u r a i n  a u t o c o r r e l a t i o n  f u n c t i o n  has c i r c u -  
l a r  symmetry i n  t h e  x and y coord ina tes .  Using t h e  symbols f o r  
c o r r e l a t i o n  f u n c t i o n s ,  equat ion ( 3 3 )  i s  w r i t t e n  as 
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and i n  p a r t i c u l a r  f o r  T = 0 

I t  i s  reasonable  t o  assume t h a t  

where a i s  a p o s i t i v e  number 
wi th  t h e  i n c r e a s e  of ?. For 

sma l l e r  t han  one which dec reases  
T = 0 equat ion  (35) becomes 

From t h e  l a s t  equat ion  and equat ion  (34) 

o r  

I f  i t  i s  r easonab le  t o  approximate 

t h e n  v i a  an i n v e r s e  Four i e r  t ransform 



l -  - 2 5  - 

'L L e t t i n g  T = T and us ing  t h e  r e s u l t  i n  equa t ion  (36)  y i e l d s  

-%s2 a = e  

Having obta ined  a t  i t  w i l l  now be shown how t o  
( W )  and @h h ( W )  

2 2  hlh = a@hlhl gene ra t e  h 2 ( t )  such t h a t  @ 

( W )  - - 

FIGURE 9 - A FILTER TO GENERATE h l ( t )  AND h2(t) 

Consider  F igu re  9 where v and p are t w o  independent wh i t e  
n o i s e  number cha ins .  It  is obvious t h a t  

m f = a [ p  + - 2 a 

(37) 

But s i n c e  v and p are w h i t e  no i se s  then  

$ v v ( T )  = $ p p h )  

and be ing  independent  

$Jd = $,,(T) = 0 
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Therefore  

and 

or i n  o t h e r  words f ( t )  is  a l s o  a wh i t e  no i se .  On t h e  o t h e r  hand, 
it can be e a s i l y  shown t h a t  

and aga in  s i n c e  v and u are independent 

t h e r e f o r e ,  

From equa t ion  (31)  w e  see t h a t  t h e  PSD of t h e  out -  
p u t  s i g n a l s  of t h e  f i l t e r  are 

and 

a ( w )  = Q ( w )  H ( - j w ) H ( j u )  = H ( - j u )  (ju) 
YY 

and from equa t ion  ( 3 0 )  w e  r e a l i z e  t h a t  
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I t  i s  w e l l  known ( 5 )  t h a t  f o r  such an arrangement of f i l t e rs  

Using equat ion  (39) 

O ( w )  = a H ( - j o ) " ( j o )  
xy 

and aga in ,  u s ing  equa t ion  (30) w e  g e t  

From equa t ions  ( 4 0 )  and ( 4 1 )  w e  see t h a t  x ( t )  and y ( t )  s a t i s f y  
t h e  requirements  f o r  t h e  a u t o  and cross-PSD func t ions  of h l ( t )  
and h 2 ( t ) ;  t h e r e f o r e ,  t hey  are used as h l ( t )  and h 2 ( t )  respec-  
t i v e l y .  I n  a manner s i m i l a r  t o  t h e  gene ra t ion  o f  h 3 ( t )  , h 4 ( t )  
i s  e q u a l  t o  h 2 ( t  + AT) where AT i s  t h e  t i m e  it takes t h e  rear 
wheels t o  reach  t h e  p o s i t i o n  of t h e  f r o n t  wheels.  

I n  t h i s  s u b r o u t i n e  the  whi te  n o i s e  i s  t h e  o u t p u t  of  
a random number g e n e r a t o r ,  gene ra t ing  numbers which have a 
Gaussian d i s t r i b u t i o n  wi th  a s t anda rd  d e v i a t i o n  of  1. The PSD 
f u n c t i o n  i s  taken  from "MSFC Natura l  Environment Design C r i t e r i a ,  
C r i t e r i a  Guide l ines  f o r  U s e  i n  Design o f  Lunar Explora t ion  Vehi- 
cles,  k x h l b i t  N o .  1". The PSD i s  given i n  meters /cylces/meter)  
v e r s u s  cycles/meters .  One has t o  c o n v e r t  t h e  PSD func t ion  i n t o  
meters / ( radians/second)  versus  radians/second i n  o rde r  t o  use 
it. The n e t ? . e f f e c t  of t h i s  conversion on H ( s )  i s  t h a t  ra ther  
t h a n  us ing  equa t ion  ( 3 2 ) ,  one has  t o  use  

2 

2 

where V is  t h e  LRV v e l o c i t y  i n  meters/second. Four k inds  of 
PSD f u n c t i o n s  for  f o u r  k inds  of l u r a i n  are given i n  t h e  above 
mentioned document. A f t e r  approximating them by s t r a i g h t  
l i n e s  (as shown i n  Fig.  1 0 )  and a p p l i c a t i o n  of  equat ion  ( 4 2 )  
t h e  fo l lowing  f i l t e r  equat ions were ob ta ined  

*We d i v i d e  t h e  given PSD f u n c t i o n  by t w o  s i n c e  H ( s )  a l so  
simulates t h e  c o n t r i b u t i o n  of t h e  n e g a t i v e  p a r t  o f  t h e  frequency 
range .  



- 28 - 

Lura in  Lura in  
I D  Number Desc r ip t ion  
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FIGURE 10 -THE GIVEN LOWER AND UPPER LIMITS OF THE PSD FUNCTIONS AND THEIR STRAIGHT 
LINE APPROXIMATION 
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A l l  the PSD f u n c t i o n s  of these l u r a i n s  can be roughly approxi-  
mated by 

Then fo l lowing  equa t ion  ( 3 7 )  

-?'(O. 07536) V a = e  

2, 
and us ing  t h e  r e l a t i o n s h i p  T = D/V, where D i s  t h e  d i s t a n c e  
between t h e  t w o  f r o n t  ( o r  rear) wheels,  t he  l a s t  equa t ion  
becomes 

- (0.07536)D a = e  

T h e  f i l t e r  shown i n  F igu re  9 i s  s imula t ed  i n  TERAIN s u b r o u t i n e  

A s  desc r ibed ,  t h e  va lues  of  h 3 ( t )  and h 4 ( t )  are obta ined  by de- 
l a y i n g  hl (t) and h2 ( t)  by L / v  where L i s  t h e  d i s t a n c e  between 
t h e  rear t o  t h e  f r o n t  w h e e l s .  

us ing  TRANSIM and t h e  random number gene ra t ing  r o u t i n e  BARN. ( 6 )  

5 .0  T I M I N G  

Consider t h e  block diagram shown i n  F igu re  11. ,, BARN_ f, + I?""":,, , E , S - f ,  , LRVNAV , 
I 
I J ! r-------- 

I I j I LRVNAV + t  
1 1 1  
I I !  

L DT - fl = 

I I L-ANGLES t 

I L----TERAIN t 

I fg = 

I I  
I I  

I 

f =  2 

t L-,,, BARN 

DELTIn 

1 

DT 
- 

1 

DELT 
- 

n f2 

FIGURE 11 - THE FREQUENCY OF SUBROUTINE ENTRANCES 

~ ~~~~~ ~~~~~~ 
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I t  r e p r e s e n t s  t h e  sequence of d a t a  t r ansmiss ion  from one rou- 
t i n e  t o  t h e  r o u t i n e  it i s  be ing  c a l l e d  from. I n  o r d e r  fo r  
t h e  s imula t ion  t o  be e f f i c i e n t  from t h e  p o i n t  of view of t i m e  
consumption, t h e  execut ion  t i m e  should  be k e p t  a t  minimum. 
Consider t h e  box named ANGLES i n  F igu re  1 0 .  I n  t h i s  box the 
s imula t ion  of t h e  LRV dynamics i s  c a r r i e d  on and hence i t s  
responses  can be  viewed a s  t h e  responses  o f  some low-pass 
f i l ters .  Therefore  it i s  s e n s e l e s s  t o  a sk  t h i s  s u b r o u t i n e  
t o  gene ra t e  o u t p u t s  f o r  the main r o u t i n e ,  LRVNAV, a t  a f r e -  
quency which i s  much h i g h e r  than i t s  band-width. A s u i t -  
a b l e  frequency, f l ,  o f  d a t a  t ransmiss ion  t o  t h e  main r o u t i n e  
i s  a frequency which is  t w i c e  t h e  h i g h e s t  knee frequency o f  t he  
Bode diagram of t h e  f i l t e r s  i n  s u b r o u t i n e  ANGLES. A c r i t e r i o n  
s i m i l a r  t o  t h i s  one i s  used t o  de te rmine  t h e  frequency,  f 2 ,  a t  
which ANGLES r o u t i n e  cal ls  TERAIN r o u t i n e  f o r  data.  The choice 
of this frequency i s  cons t r a ined  by t h e  f a c t  t h a t  there should 
be an i n t e g e r  number of  d a t a  p o i n t s  genera ted  i n  t h e  t i m e  A T  
which i s  d e f i n e d  as t h e  t i m e  it t a k e s  t h e  rear LRV wheels t o  
reach  t h e  p o s i t i o n  of t h e  f r o n t  wheels  a t  t i m e  tl from where 
t h e  rear wheels w e r e  a t  t i m e  tl. 
f r o n t  and rear wheels is L and t h e  LRV speed i s  V then  

I f  t h e  d i s t a n c e  between t h e  

L A T  = 

T h e  reason  f o r  t h i s  c o n s t r a i n t  i s  t h a t  t h e  w h e e l  e l e v a t i o n  
d a t a  ( t h e s e  are the d a t a  t r a n s m i t t e d  from TERAIN t o  ANGLES 
r o u t i n e )  computed a t  t i m e  tl for  t h e  f r o n t  wheel i s  used A T  
seconds la ter  as the elevations of the rear wheels. T h e  t i m e  
d i f f e r e n c e  between t h e  i n s t a n t s  of  d a t a  t r ansmiss ion  from rou- 
t i n e  TERAIN t o  r o u t i n e  ANGLE is chosen t h e r e f o r e  a s  t h e  l a r g e s t  
i n t e g e r  p a r t  of  T which s a t i s f i e d  t h e  d i scussed  c r i t e r i o n .  I n  
g e n e r a l ,  f l  # f 2  o r  D T  # DELT (see F igure  ll), t h e r e f o r e ,  LRVNAV 

u s u a l l y  ca l l s  fo r  va lues  from ANGLES a t  a t i m e  i n s t a n t  f o r  which 
they  are n o t  computed. 
computed f o r  a t i m e  l a r g e r  than t h e  t i m e  a t  which t h e  v a l u e s  are 
c a l l e d  f o r  by LRVNAV ( t h i s  i s  p o s s i b l e  because t h e  running t i m e s  
f o r  LRVNAV and ANGLES are independent)  t hen  an i n t e r p o l a t i o n  
y i e l d s  t h e  necessary  set. I f  on t h e  o t h e r  hand, t he  l a s t  i n s t a n t  
fo r  which a s e t  of va lues  w e r e  computed is  ear l ier  than  t h e  t i m e  
a t  which a set  i s  needed t h e n  ANGLES r o u t i n e  advances i n  t i m e  
till i t s  t i m e  i s  a t  l eas t  e q u a l  o r  j u s t  g r e a t e r  t han  t h e  t i m e  a t  
which t h e  se t  i s  asked for .  
a g a i n ,  y i e l d s  t h e  proper  set .  

I f  a s e t  of v a l u e s  has a l r e a d y  been 

I n  t h e  l a t t e r  case, an  i n t e r p o l a t i o n ,  

While whi t e  n o i s e  has  a c o n s t a n t  spectrum a t  a l l  fre- 
q u e n c i e s ,  w e  on ly  r e q u i r e  the  o u t p u t  of BARN t o  have a c o n s t a n t  
spec t rum i n  t h e  p a s s  hand of t h e  f i l t e r  of  TERAIN. 
t i o n  of t h i s  argument i n  a continuous system i s  obvious.  

T h e  impl ica-  
I n  o u r  
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case, however, w e  are d e a l i n g  with a d i s c r e t e  system where, due 
t o  t h e  use o f  TRANSIM,  it i s  assumed t h a t  a s t r a i g h t  l i n e  connec ts  
success ive  ou tpu t  p o i n t s  of BARN. This  way t h e  sampling ra te  
determines n o t  on ly  t h e  cu t -of f  frequency o f  BARN'S ouput b u t  
a l so  changes t h e  amplitude of t h e  l o w  f r equenc ie s .  The sampling 
frequency of BARN, f j ,  was found by a c u t  and t r y  method. 3 
chosen a s  a m u l t i p l e  of f 2  which gene ra t e s  o u t p u t s  of  TERAIN 

which f i t  w i th in  a reasonable  t o l e r a n c e  t h e  given PSD f u n c t i o n s  
of t h e  a p p r o p r i a t e  l u r a i n .  

f w a s  

6 . 0  INPUT DATA 

DT - 

TP - 

DTP - 
I R O D  - 

The t i m e  increment of t h e  s imula t ion  of t h e  
main r o u t i n e  (LRVNAV) i n  seconds. The program 
computes DT a s  w a s  described i n  s e c t i o n  5 ,  
u n l e s s  it is  s p e c i f i e d  t o  be o therwise .  

The f irst  t i m e  a t  which a p r i n t o u t  i s  d e s i r e d  
i n  minutes.  

The t i m e  increment between p r i n t o u t s  i n  minutes.  

I f  IROD = 0 ,  t h e  program au tomat i ca l ly  fo l lows  
t h e  b a s e l i n e  t r a v e r s e  (see Reference 7 ) .  I f  
IROD = 1, t h e  program superimposes t h e  random 
ang les  generated by subrou t ine  ANGLES on t h e  
b a s e l i n e  mission. I f  I R O D  = 2 ,  t h e  program 
follows t h e  t r a v e r s e  imposed by t h e  i n p u t  d a t a  
wi thout  t h e  random a d d i t i o n  f r o m  ANGLES. I f  
IROD = 3 ,  t he  program also does t h e  l a t t e r  w i t h  
a supe rpos i t i on  of random ang les  from ANGLES. 

LNRT - If o t h e r  than z e r o ,  l u n a r  r o t a t i o n  i s  taken  i n  
account .  

OLAMDA - The l a t i t u d e  i n  degrees  of t h e  l and ing  p o i n t  
( impor tan t  only i f  t h e  l u n a r  r o t a t i o n  i s  
c o n s i d e r e d ) .  

W I T C H  - Upper l i m i t  on t h e  magnitude, i n  deg rees ,  of 
t h e  t r u e  and computed p i t c h  angle .  I f  it 
reaches t h i s  a n g l e ,  t h e  program s t o p s .  

MAXGAM - The maximum magnitude i n  deg rees  of t h e  r o l l  
ang le  t o  which t h e  a s t r o n a u t s  w i l l  n o t  respond. 
When t h i s  angle  i s  reached ,  it i s  reduced t o  
5 O  assuming t h a t  t h e  a s t r o n a u t s  w i l l  f e e l  d i s -  
comfort  and w i l l  d r i v e  t h e  LRV such t h a t  t h e  
ang le  i s  reduced. 

MAXBET - Same f o r  p i t c h .  
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SPECDR - 

SPECDB - 

I P R D Y N  - 

IPRPSD - 

YMD - 
YDR - 
FINALT - 

DMAX - 

IPHOTO - 

NPLOT - 

M -  

I V  - 

L U R A I N  - 

When t h i s  value of  range e r r o r  i n  meters i s  
reached ,  t h e  program s t o p s  and p r i n t s  o u t .  

Same f o r  bea r ing  error i n  deg rees  when reached 
o u t s i d e  a c i r c l e  whose r a d i u s  i s  e q u a l  t o  
SPECDR. 

I f  n o t  ze ro ,  t h e  program p r i n t s  o u t  t h e  
c o e f f i c i e n t s  of t h e  t r a n s f e r  f u n c t i o n s  which 
are s imula ted  i n  sub rou t ine  ANGLES. 

I f  n o t  zero,  t h e  program does t h e  same i n  
sub rou t ine  TERAIN. 

Yaw misalignment error i n  degrees .  

Yaw d r i f t  r a t e  i n  degrees .  

The t i m e  i n  minutes f o r  t h e  t e r m i n a t i o n  of  t h e  
run.  

The maximum d i s t a n c e  t h a t  t h e  wheels a c t u a l l y  
t r a v e l  i n  kms f o r  a g iven  mission.  When t h i s  
d i s t a n c e  i s  reached,  t h e  run  i s  te rmina ted .  

I f  n o t  e q u a l  t o  ze ro ,  t h e  program g e n e r a t e s  
a 4 0 2 0  p l o t  of t h e  a c t u a l  t r a v e r s e .  

The number of t i m e  increments  between p o i n t s  
picked f o r  t h e  4 0 2 0  p l o t .  ( I t  i s  set  auto-  
m a t i c a l l y  t o  20 u n l e s s  t h e  u s e r  s p e c i f i e s  a 
d i f f e r e n t  number.) 

I f  you want another  r u n ,  se t  M = 1. 

For t h e  0 th  l e g :  
I f  se t  e q u a l  t o  1, V = 4 . 0  km/hr. 
I f  set  equa l  t o  2, V = 8 . 0  km/hr. 
I f  s e t  equa l  t o  3 ,  V = 1 0 . 8  km/hr. 
I f  set equa l  t o  4 ,  V = 1 6 . 0  km/hr. 

For t h e  0 t h  l e g :  
S e t  equa l  t o  1 when LRV t r a v e r s e s  on a smooth mare. 
S e t  equal  t o  2 when LRV t r a v e r s e s  on a rough m a r e .  
S e t  equa l  t o  3 when LRV t r a v e r s e s  on a hummocky 

S e t  e q u a l  t o  4 when LRV t r a v e r s e s  on a rough 
upland. 

upland. 
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s -  S l i p  (a number between 0 t o  1) dur ing  t h e  0 th  l e g .  

w -  Azimuth r a t e  of change i n  radians/hour  du r ing  t h e  
0 th  l e g .  

AZIMUT - The i n i t i a l  azimuth i n  degrees  of  t h e  0 th  l e g .  

AZBIAS - The azimuth b i a s  i n  degrees  which has  t o  be 
added t o  t h e  t r u e  North,  as p l o t t e d  on t h e  
t r a v e r s e  map, i n  o r d e r  f o r  it t o  co inc ide  wi th  
t h e  map North. 

TJUMP(i) - i = 1,2, ..., 1 0 0  - T i m e  i n  minutes t o  s t a r t  t h e  
i t h  t r a v e r s e  l e g .  

I T A B L E ( i )  - i = 1 , 2 ,  ..., 1 0 0  - The new speed code f o r  t h i s  l e g .  

L T A B L E ( i )  - i = 1,2, ..., 1 0 0  - The new l u r a i n  code f o r  t h i s  l e g .  

STABLE(i) - i = 1 , 2 , . .  .,lo0 - The new s l i p  f o r  t h i s  l e g .  

WTABLE(i)  - i = 1 , 2 ,  ..., 1 0 0  - The new azimuth ra te  o f  change 
i n  radians/hour  fo r  t h i s  l e g .  

ATABLE (i) - i =  1,2, ..., 1 0 0  - The i n i t i a l  azimuth i n  deg rees  
f o r  t h i s  l e g .  ( I f  t h e  i n i t i a l  azimuth of  t h i s  
l e g  i s  t h e  f i n a l  azimuth of t h e  preceding  l e g  
set  A T A B L E ( i )  t o  a number l a r g e r  t han  360.) 

PTABLE(i) - i = 1 , 2 ,  ..., 1 0 0  - The t i m e  i n  minutes of  t h e  
d u r a t i o n  of t h e  s t o p  a t  t h e  beginning of  t h i s  l e g .  

TMALIN(i )  - i = 1 , 2 ,  ..., 50 - The t i m e  i n  minutes a t  which a 
real ignment  should t a k e  p l ace .  
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